In this paper, influence of a V-pit embedded inside the multiple quantum wells (MQWs) LED was studied. A fully three-dimensional stress-strain solver and Poisson-drift-diffusion solver are employed to study the current path, where the quantum efficiency and turn-on voltage will be discussed. Our results show that the hole current is not only from top into lateral quantum wells (QWs) but flowing through shallow sidewall QWs and then injecting into the deeper lateral QWs in V-pit structures, where the V-pit geometry provides more percolation length for holes to make the distribution uniform along lateral MQWs. The IQE behavior with different V-pit sizes, threading dislocation densities, and current densities were analyzed. Substantially, the variation of the quantum efficiency for different V-pit sizes is due to the trap-assisted nonradiative recombination, effective QW ratio, and ability of hole injections. C 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
I. INTRODUCTION
III-nitride optoelectronic devices such as light emitting diodes (LEDs) and laser diodes (LDs) are becoming essential roles to replace the traditional light sources nowadays. Driving LED chips with high current densities is inevitable to extend the market of solid-state lighting for the purpose of lower costs, smaller volumes, and higher illuminations within a single chip. However, the efficiency is significantly decreased at larger injection current densities, which is called droop effect. 1 The limitation is fundamentally lying on the material property and crystal quality. The commercial LEDs are generally grown on sapphire substrates where the huge lattice mismatch between GaN and sapphire substrate will lead to a high density of threading dislocations (TDs). 2 In addition, the lattice mismatch between GaN and InGaN will induce the piezoelectric field in the InGaN layer and lead to quantum-confined Stark effect (QCSE). 3 The QCSE separates electron and hole wavefunctions which reduces the radiative recombination efficiency, and TDs can act as a carrier leakage path to influence the device reliability as well. 4, 5 Besides, TDs are the nonradiative recombination centers which trap carriers and reduce the internal quantum efficiency (IQE).
Despite GaN-based blue LEDs with such high dislocation densities (∼10 8 cm −2 ), the room temperature photoluminescence (PL) efficiency can be rather high. This is a very typical case because AlGaInP-based red light LEDs have a low luminescence even with relatively lower dislocation densities (more than 10 3 cm −2 ). 6 This might be attributed to the carrier localization caused by indium fluctuation that reduces the nonradiative recombination. [7] [8] [9] Regarding with our recent studies, the indium fluctuation incorporated into the simulation model is exceptionally fitting the experimental L-I-V curves by adopting more reasonable material parameters. 10, 11 On the other hand, many researches have been reported that the inverted hexagonal V-shaped pit (V-pit) formation are considered to be induced by TDs, 12, 13 where V-pits might be the key role to improve the device efficiency under such high dislocation densities. 14 The studies show that active regions in structures with the V-pit are composed of the normal lateral c-plane quantum wells (QWs) and inclined sidewall [1011] facet QWs, where the indium composition of lateral c-plane QWs is higher than that of inclined QWs. The potential energy in sidewall QWs is higher than that in c-plane QWs and behaves as a barrier to avoid carriers diffusing into the TDs, which means that it might screen the nonradiative recombination center to ensure the high efficiency under a high density of TDs. 15 Therefore, under certain conditions, V-pits might improve the GaN-based LED performance with a relatively higher density of TDs except that the active recombination area is reduced.
The roles of V-pit structures in the GaN/InGaN LEDs with or without superlattice (SL) layers beneath are already studied. [16] [17] [18] Except for screening the TDs from nonradiative recombination, the better hole injection into lateral QWs is also introduced by the 2D semi-section simulation. 19 and experimental measurements. 20 The influence of V-pit diameters on the efficiency is also discussed by PL measurements. 21 In addition, the atom probe tomography (APT) data indicates that the structure of QWs in V-pit regions is deformed, where the geometry is adjusted, and the width and indium composition of inclined sidewall QWs in V-pits are especially thinner and lower. 22 Moreover, experiments demonstrated that the energy barriers between lateral and sidewall QWs are depending on the V-pit diameter and tried to explain the PL radiative efficiency.
14 However, it is still vague about how the current path is in the V-pit structure and the trend of PL efficiency with diverse V-pit diameters. 21 Therefore, in this paper we will construct the fully three-dimensional (3-D) model by assessing the real strain distribution, trap-induced potential pulling, and carrier transport equations to discuss the current path because of the non-planar geometry and current spreading effect. 23 The quantum efficiency and turn-on voltage behavior will be studied to explain the experimental data as well as the physics behind.
II. SIMULATION METHOD
In this paper, we use the 3-D finite element method (FEM) to solve the stress-strain equations to obtain the strain distribution over the entire V-pit structure. 24 The calculated strain is transformed to the piezoelectric polarization field by the following formula
where ϵ xx , ϵ yy , ϵ zz are normal strains, and ϵ y z , ϵ zx , ϵ xy are shear strains. P pz is the strain-induced piezoelectric polarization. e 15 , e 31 , and e 33 are piezoelectric coefficients, where the values can be found in Ref. 25 , and other terms are zero due to the symmetry of Wurtzite crystal structures.
By taking the divergence of the total polarization (P total (r)) in the space including spontaneous and piezoelectric polarization field, the polarization charge (ρ pol (r)) induced at each mesh grid point can be calculated. The induced fixed polarization charge at different positions will be implemented into Poisson and drift-diffusion solver to obtain the potential (V (r)) as below, /s. All of above parameters are position dependent and commonly used to examine droop effects. 26, 27 The TD region is divided into donor-like traps (in p-GaN layer) and acceptor-like traps (in n-GaN layer) as shown in Fig. 1 (a) that are capable of capturing holes and electrons, respectively. The donor-like traps are distributed above the QWs, while the acceptor-like traps are distributed below the QWs, where the density of traps (N t ) is 1.0×10
19 cm −3 . This study uses the Shockley-Read-Hall (SRH) model to account for the defect or trap assisted nonradiative recombination. E t is the energy level for traps, which is assumed at the midgap for both acceptor-like and donor-like traps. E i and n i are the intrinsic energy level and intrinsic carrier density, respectively. τ n and τ p in TD regions as shown in Fig. 1 (a) are assumed to be 1.0×10
−12 s, which is quite small and carriers will almost recombine nonradiatively once electrons and holes are flowing into this region.
The details of 3D Poisson and drift-diffusion solver can be referred to our previous publication. 28 The simulation structure is shown in Fig. 1(a) , where the epi-layers and dimensions are 
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Li et al. AIP Advances 6, 055208 (2016) suggested by the transmission electron microscopy (TEM) as Fig. 1(b) shows. In addition, the mesh structure is constructed by GMSH program. 29 The middle orange line is the location of TDs that is assumed to be 20 nm width according to TEM and Scanning Transmission Electron Microscope (STEM). 15, 30 
III. RESULTS AND DISCUSSION
This study attempts to understand how the current path influenced by TDs and sizes of the V-pit structure. A series of the V-pit diameter will be studied, including 180 nm, 220 nm, 280 nm, and 340 nm. To simplify the problem and the limitation of current computation memory, we simulate a single V-pit covered by contacts at top and bottom, where the total simulation dimension is 700 nm × 700 nm, which is corresponding to a typical 2.0×10 8 cm −2 TD density as a reference case. Besides, we did not consider the slight variation of indium compositions and well thickness in the sidewall QWs for different V-pit diameters, which might happen in different fabrication processes. At the beginning, the induced polarization charge is verified 25, 31 and a slight strain relaxation at the corner is observed. A larger polarization charge is induced in lateral c-plane QWs, and the smaller polarization charge is induced along the [1011] sidewall QWs, where the direction of the piezoelectric field is opposite in this semipolar plane as shown in Fig. 1(c) , which matches the results of Romanov et.al.
25
Figure 2(a) shows the calculated 3-D valence band potential by Poisson and drift-diffusion solver with the calculated strain distribution. In the p-GaN layer, the valence band potential is pulled down by trapping holes along TDs, while in the n-GaN layer, the valence band potential is pulled up due to trapping of electrons. 32 The trapped holes in the p-GaN layer will expel holes to flow into this region but will attract electrons. Therefore, the hole current are expelled by the pulling potential and diffused into lateral c-plane QWs through the sidewall of V-pits as shown in Fig. 2(b) . The hole current is not only from top injection into lateral c-plane QWs but also flowing along the inclined sidewall QWs due to the lower indium composition and the smaller polarization field (smaller piezoelectric barrier). In conventional planar LEDs, the hole density distribution in different QWs is not uniform, where the hole density is mostly crowded at the top QW (last QW) and is harder to inject into the bottom QW (first QW) due to the low mobility of hole. However, in the V-pit LED, the sidewall QWs provide an additional hole percolation path to make the hole density distribution more uniform in different c-plane QWs as shown in Fig. 3 . At low current densities, the hole density distribution is mainly located at the third and last QWs attributed from the top injection and sidewall injection as shown in Fig. 3(a) . As the current density (applied voltage) increases, the hole density at the third and fourth QWs increases by successive sidewall injections. When the current density approaches 100 A/cm 2 , the hole density distribution is mainly crowded at last three top QWs because the applied voltage is large enough to inject holes from top by overcoming c-plane QW barriers induced by piezoelectric fields. By examining the radiative recombination distribution at 20 A/cm 2 , lateral deeper QWs are the actual active region, where the second to fourth QWs have stronger radiative recombination rates as shown in Fig. 3(d) . As a result, the V-pit structure does not only screen TDs, but assists hole injection into the deeper QWs. The I-V and IQE curves are calculated as shown in Fig. 4 (a) Since a larger V-pit provides an extensive area for carriers injection from the sidewall into c-plane QWs, the turn-on voltage is pushed smaller. Furthermore, the IQE peak value (below 20 A/cm 2 ) is higher for a larger V-pit diameter. As we know, electrons and holes are mainly trapped at TDs center near the bottom corner of the V-pit due to comparatively lower potentials. In addition, the resistance for electrons and holes is unbalanced, where the hole is more resistive than the electron. For a larger diameter V-pit, the hole current is hard to achieve the bottom of the sidewall QWs due to high resistances of the p-GaN layer and has a widespread percolation path with a large cross-sectional sidewall area. Hence, the nonradiative recombination is weaker at the bottom of sidewall QWs for a larger V-pit diameter as shown in Figs. 5(a) and 5(b) . When the V-pit diameter further increases to 340 nm, the increasing peak IQE value is saturated because the SRH nonradiative recombination is not continued to decrease as shown in Fig. 4(b) . As a result, we could conclude that the nonradiative recombination along TDs will limit the IQE peak value at a lower current density. In our simulation, the IQE peak value is lower compared with the commercial LEDs 33, 34 due to the ABC coefficients we used for the 
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Li et al. AIP Advances 6, 055208 (2016) simulation. 27, 35, 36 In addition to ABC coefficients, the nonradiative recombination in the TD region and reduced quantum well area will further decrease the IQE peak value. The influence of parameter setting will be discussed in the later section.
As the current density increases, the Auger recombination starts to affect the system as shown in Fig. 4(b) . The Auger recombination continues to be enhanced with a smaller effective QW ratio (ratio of lateral c-plane QW areas to the total dimension) by expanding the V-pit size to accumulate high carrier densities in c-plane QWs. The effective QW ratio is smaller when the V-pit diameter becomes larger due to the fixed in-plane area. In other words, the volume of lateral QWs is smaller for a larger V-pit diameter to accommodate carriers, which induces relatively high carrier densities inside QWs as shown in Fig. 6(a) compared with Fig. 3(b) to enhance Auger recombination. Therefore, the droop effect happens earlier and more significant for a larger V-pit size as shown in the green line of Fig. 6(b) . Meanwhile, when the V-pit diameter increases beyond the hole current spreading length (vertical path) to avoid it extending to the bottom of sidewall QWs, the nonradiative recombination in TDs does not continue to decrease for the V-pit diameter above 280 nm and the Auger recombination continues to increase due to smaller active volume size. As a result, we also found that the IQE curve among various V-pit diameters exhibits a switched behavior as shown in the blue line of Fig. 6(b) , which has a good agreement with the experiments. 14, 21 With regard to the irregular distribution of TDs in the real epi-layers, the TD density we used is an averaging number. To discuss the influence of TD densities for the overall LED performance, we further simulated 1.0×10 8 cm −2 and 6.25×10 8 cm −2 TD densities, which are corresponding to 1 µm × 1 µm and 700 nm × 700 nm simulation area, respectively. Figures 7(a) and 7(c) show the computed I-V and IQE curve for various V-pit diameters. It is clearly observed that the droop effect is more obvious with a higher TD density due to the inherent smaller effective QW ratio for large V-pit sizes. The IQE curve for various V-pit diameters is crossed at a smaller current density when the TD density is larger. Besides, the switched IQE behavior is observed in terms of higher (6.25×10 8 cm −2 ) or lower (1.0×10 8 cm −2 ) TD densities. At 1.0×10 8 cm −2 TD density, because the entire c-plane QW region is wider compared to the TD size where the influence of TDs becomes smaller, the SRH nonradiative recombination would stop to affect the IQE at larger V-pit diameters. In addition, the effective QW ratio does not change too much by varying V-pit sizes to trigger off the Auger recombination as shown in Fig. 7(b) . Therefore, we could know that the TD density is a factor as well to impact the variation of IQE behavior for various V-pit diameters, where the IQE behavior is depending on the Auger recombination and SRH nonradiative recombination that are modulated by TD densities. Moreover, the current injection from V-pit sidewalls is more unhindered for a smaller simulation dimension at which the V-pit occupies a large portion making the turn-on voltage smaller with a high density of TDs. In addition to the TD density, we also examine the dependence between the IQE curve and ABC coefficients. We consider the 180 nm V-pit diameter and 2.0×10 8 cm −2 TD density as the reference case. As shown in Fig. 8(a) , when we increase the nonradiative carrier lifetime in the TD region to decrease the SRH recombination, the peak IQE value increases as expected. Besides, if the nonradiative carrier lifetime except the TD region becomes large as shown in the black line of Fig. 8(a) , the peak IQE value increases as well. Therefore, the SRH recombination dominates in the lower current density region, which is the first power dependence on the carrier concentration. On the other hand, when we enhance the radiative recombination coefficient from 2.0×10 −11 cm 3 /s to 7.0×10 −11 cm 3 /s, the overall IQE increases and the droop effect is slightly diminished as shown in Fig. 8(b) . In addition, the increase of Auger coefficients does not only deteriorate the overall IQE, but significantly increase the droop effect. As a result, we could conclude that the radiative recombination and Auger recombination dominate the IQE as the current density increases, which indicate the second and third power dependence on the carrier concentration, respectively.
IV. CONCLUSION
In conclusion, this study presents a 3-D numerical analysis to investigate the current path in the V-pit LED. By examining the effect of TDs in the V-pit structure, we found the potential is pulled by the activation of traps and expel carriers from TD regions to diffuse into sidewall QWs without significant nonradiative recombination. The simulation results also shows the current is flowing through shallow sidewall QWs and then injecting into the deeper c-plane QWs, where the V-pit geometry provides more percolation length for holes to make the hole distribution uniform through c-plane MQWs. Theoretically, the IQE curve with various V-pit diameters is determined by the nonradiative recombination along TDs, effective QW ratio, and hole distribution along c-plane QWs. The peak IQE value is limited by nonradiative recombination along TDs at lower current densities. It is higher as the V-pit diameter is larger because holes have higher chance to flow into c-plane QWs instead of flowing into the corner of V-pit QWs. However, as the V-pit diameter becomes large enough, it would increase the Auger recombination due to a smaller effective QW ratio. The droop effects will become stronger and happen earlier. According to the experimental PL efficiency measurements, 14, 21 the trend of quantum efficiencies by increasing the V-pit diameter is not unified, which could be explained by the diameter-dependent energy barrier and effective QW ratio. However, in addition to the effective QW ratio, the hole current path in the nonplanar V-pit geometry influenced by applied voltages is another critical factor to explain the switched behavior. Furthermore, we try to examine various TD densities, where the IQE curve is also correlated with the TD density that a higher TD density induces larger Auger recombination due to the inherent smaller effective QW ratio. The droop effect is very serious for the oversized V-pit that would not be an optimized option among all of simulated TD densities.
